Abstract: Droughts and hot extremes may lead to tremendous impacts on the ecosystem and different sectors of the society. A variety of studies have been conducted on the variability of the individual drought or hot extreme in China. However, the evaluation of compound droughts and hot extremes, which may induce even larger impacts than the individual drought or hot extreme, is still lacking. The aim of this study is to investigate changes in the frequency and spatial extent of compound droughts and hot extremes during summer in China using monthly precipitation and daily temperature data from 1953 to 2012. Results show that a high frequency of compound droughts and hot extremes mostly occur in the regions stretching from northeast to southwest of China. There is an overall increase in the frequency of co-occurrence of droughts and hot extremes across most parts of China with distinct regional patterns. In addition, an increasing trend in the areas covered by compound extremes has been observed, especially after the 1990s. At regional scales, the increase of the frequency and spatial extent of compound extremes has been shown to be most profound in North China (NC), South China (SC), and Southwest China (SWC), while the decrease of compound extremes was found in Central China (CC). These results show the variability of compound droughts and hot extremes and could provide useful insights into the mitigation efforts of extreme events in China.
Introduction
The past several decades have witnessed large environmental and societal impacts induced by droughts and heatwave extremes globally, including human health, agriculture, ecosystem, and so on [1, 2] . According to previous studies, the annual global economic loss caused by droughts is about US$6-8 billion [3] , and heat waves have led to significant loss of life in many cities around the world (e.g., the European summer heat wave of 2003) [4] . Thus, it is of particular importance to improve our understanding of the variability of droughts and heat waves (or hot extremes) to reduce the potential impact to the society and ecosystem.
Droughts may occur in virtually all climate regimes around the globe. They can be grouped into four types including meteorological drought (deficiencies of precipitation), agricultural drought (lack of soil moisture affecting crop development or plant growth), hydrological drought (shortfall on water, such as decreased streamflow or low levels in lakes or reservoirs) and socioeconomic drought (impacts of drought on the supply and demand of certain economic goods) [3] . Due to their high frequency and tremendous damage, evaluations of drought variabilities have attracted increasing attentions in recent studies [1, 2, [5] [6] [7] [8] . A multitude of studies have been devoted to the historical assessment of droughts based on different indices and showed the increased risk of droughts under global warming [5, 9] . For example, the proportion of dry areas has increased by about 1.74% per decade over the period 1950-2008 across the globe [5] . Meanwhile, with global warming, the occurrence of heat related extremes has been shown to increase at both regional and global scales [10] [11] [12] [13] [14] . For instance, Meehl and Tebaldi [10] modeled the future occurrence of heat waves and presented a positive anomaly over North America and Europe. Seneviratne et al. [13] showed that hot temperature extremes were still on the rise globally based on the observational evidence and analysis. These studies highlighted that more severe droughts and more frequent hot extremes may occur in many regions of the world in the future.
As a joint occurrence of climate events, such as low precipitation and high temperature, may have more severe impacts on the environment and society [15, 16] than the occurrence in isolation, an increase of studies has been conducted to analyze the combination of droughts and heatwaves [16] [17] [18] [19] [20] . For example, Hao et al. [17] investigated the simultaneous occurrence of dry and warm conditions and showed an obvious increase in the frequency in most regions over global land areas. Similarly, Sharma and Mujumdar [19] evaluated changes of the compound droughts and heat wave in India and showed a substantial increase in compound extremes. Under the global warming with potentially increased droughts and hot related extremes in the future, improved understanding of the variability of compound extremes has been highlighted [21] .
In China, the occurrence of droughts or hot extreme events has been particularly pronounced for the past few decades. Examples of severe droughts include the 2006 drought in Sichuan and Chongqing, 2009-2010 drought in Southwestern and Northern China [22] , and 2014 drought in Northern China [23] . For example, Liu et al. [24] detected spatiotemporal characteristics of dryness in Qinghai province of Northwest China and showed a dry tendency in most areas over the past decades. Yu et al. [25] estimated drought conditions over China and revealed a marked upward trend in most regions based on the Standardized Precipitation Evapotranspiration Index (SPEI). A multitude of hot extreme events also struck China in the past several decades, such as the 2003 heat wave in Shanghai [26] and 2005 heat wave in Guangzhou [27] . Ding et al. [28] explored the variation of both hot extremes and heat waves in China over the period 1961-2007 and showed a sharp increase in hot days and heatwaves in northwestern and eastern regions in the last decade. Sun et al. [29] examined summer hot extremes in Eastern China and presented an increase in the frequency. These droughts or hot extremes have led to enormous economic loss and negative impacts on human and natural systems [29, 30] . For instance, the 2010 drought in Yunnan resulted in more than 20 billion RMB agricultural loss and the 1998 and 2003 heat waves in Shanghai led to hundreds of people's deaths [30] . Apart from the frequent occurrence of droughts or hot extremes, recent decades also witnessed their concurrence. For instance, the drought in Sichuan and Chongqing provinces in 2006 was also accompanied by extreme hot conditions. The drought in Southern China in 2013 occurred with heatwaves simultaneously [31] . Despite extensive studies on the individual drought or heatwave in China, the evaluation of compound droughts and hot extremes is still lacking.
The objective of this study therefore is to investigate the spatiotemporal variability of compound droughts and hot extremes in China during the summer time (June, July, and August, JJA) over the period from 1953 to 2012. The monthly precipitation data were used to compute the drought indicator Standardized Precipitation Index (SPI). The hot extreme is defined as hot days based on a higher threshold (i.e., 90th percentile) of the daily maximum temperature. Results show a significant increase in the frequency and spatial extent of compound droughts and hot extremes in China with regional differences. These results could provide useful insights for mitigating negative effects of compound droughts and hot extremes in China.
Study Area and Data
The climate across China is complex and diverse due to its complicated topography and large latitude span. For the convenience, the study area in China was divided into seven regions [32, 33] : Central China, Eastern China, Northern China, Northeast China, Northwest China, Southern China, and Southwest China (Figure 1 ). The gridded monthly precipitation data and daily maximum [34] . The commonly used SPI [35] was employed as the drought indicator to track meteorological drought. The Weibull plotting position formula [36] was used to estimate the empirical probability to compute the SPI. Here we calculated SPI for three-and six-month time scales (SPI3, SPI6). A meteorological drought event is defined based on SPI < −0.8 (and SPI < −0.5). Daily maximum temperature data were used to obtain the extreme temperature events (e.g., hot days) during the summer season [37] . In this study, the hot day is defined as the days with the maximum temperature higher than the 90th percentile of the daily maximum temperature during summer, which was computed using the daily maximum temperature data of JJA for the whole study period 1953-2012. The compound droughts and hot extremes are represented by the number of hot days (NHD) during the month with drought conditions. To show the uncertainty of results, we used different time scales (three-month and six-month) and thresholds (−0.8 and −0.5) of SPI. Administration stations across the whole China [34] . The commonly used SPI [35] was employed as the drought indicator to track meteorological drought. The Weibull plotting position formula [36] was used to estimate the empirical probability to compute the SPI. Here we calculated SPI for threeand six-month time scales (SPI3, SPI6). A meteorological drought event is defined based on SPI < -0.8 (and SPI < -0.5). Daily maximum temperature data were used to obtain the extreme temperature events (e.g., hot days) during the summer season [37] . In this study, the hot day is defined as the days with the maximum temperature higher than the 90th percentile of the daily maximum temperature during summer, which was computed using the daily maximum temperature data of JJA for the whole study period 1953-2012. The compound droughts and hot extremes are represented by the number of hot days (NHD) during the month with drought conditions. To show the uncertainty of results, we used different time scales (three-month and six-month) and thresholds (-0.8 and -0.5) of SPI. 
Results and Discussion

Frequency of Compound Droughts and Hot Extremes
We first evaluated the frequency of compound droughts and hot extremes, which is defined as the NHD in the month with drought indicator (SPI3 and SPI6) lower than -0.8 during JJA for the period 1953-2012. As shown in Figure 2A ,B, the occurrence frequency of compound droughts and hot extremes mostly resided in the strip from Northeast to Southwest China. The potential reason of this pattern is the land atmospheric interaction during the warm season. Specifically, dry conditions (e.g., precipitation deficits) may lead to less evaporative cooling and thus result in the increase of surface temperature during summer [38] [39] [40] [41] . This is partly shown from the correlation between the NHD and SPI ( Figure 2C ,D). It can be seen that the negative correlation was particularly high in the regions from Northeast to Southwest China. This pattern of correlation between the drought and hot extreme in summer is consistent with the result of He et al. [42] and Zhang et al. [43] . The relatively 
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Changes in the Frequency of Compound Droughts and Hot Extremes
To assess changes in the frequency of compound droughts and hot extremes, the data were divided into two equal periods: 1953-1982 and 1983-2012 . We then evaluated the changes based on the difference of NHD in drought months during 1983-2012 relative to the baseline period 1953-1982, which are displayed in Figure 3 . Significant increase in compound droughts and hot extremes mainly occurred in Northern China, Southern China, and Southwest China, while a decrease of compound extremes was shown in Central China, parts of Northeast China (i.e., Most of Heilongjiang and South Jilin provinces), and some regions in Eastern China. This phenomenon may be partly dominated by regional variations in precipitation and/or temperature. For example, the increase in the frequency of compound droughts and hot extremes for Northern China (e.g., the whole Inner Mongolia) may be related to the decrease in precipitation and increase in temperature to some degree in parts of this regions [25, 44] . Meanwhile, the decrease of compound extremes for Central China may be partly due to the increase in precipitation during summer in parts of this region [45] as well as the decrease in summer mean maximum temperature [46] . For example, it has been shown in previous studies that the cooling trend coexists with wetting trend in Central China (especially in the middle/lower reaches of the Yangtze River Valley) during summer, which may be linked to the warming trend in the sea surface temperature (SST) of the Indian Ocean that affects the interdecadal variability of the summer climate in China by changes in the Hadley circulation and subtropical high over the northwest Pacific [47] [48] [49] . Parts of Northeast China (i.e., Heilongjiang and Jilin province) also showed a decrease of compound extremes, which may partly result from the increase in precipitation (and the decrease in potential evaporation) and the cooling effect of agricultural irrigation [50, 51] that affects the land atmospheric interaction. In general, Figure 3 shows increased compound droughts and hot extremes over most parts of China, highlighting the increased risk of extremes in these regions under global warming. 
Changes in the Spatial Extent of Compound Droughts and Hot Extreme
Changes in the annual spatial extent of compound droughts and hot extremes for the period from 1953 to 2012 were then investigated based on the number of grid points with the compound extremes during JJA of each year divided by the total number of grid points over China, as shown in Figure 4 . The trend analysis of the spatial extent was conducted based on nonparametric MannKendall test. The null hypothesis of no trend is rejected if the p-value is lower than 0.05 (at the significance level α = 0.05). The p-value and the slope value of trend test results are also presented in Figure 4 . 
Changes in the annual spatial extent of compound droughts and hot extremes for the period from 1953 to 2012 were then investigated based on the number of grid points with the compound extremes during JJA of each year divided by the total number of grid points over China, as shown in Figure 4 . The trend analysis of the spatial extent was conducted based on nonparametric Mann-Kendall test. The null hypothesis of no trend is rejected if the p-value is lower than 0.05 (at the significance level α = 0.05). The p-value and the slope value of trend test results are also presented in Figure 4 . A significant increase in the spatial extent of compound droughts and hot extremes during summer was observed with the slope ranging from 0.07 to 0.11 per decade in China. After the 1990s, a relatively steep upward trend in the spatial extent was shown, indicating a possible change point in the spatial extent of compound droughts and hot extremes during the 1990s. This is partly consistent with previous studies based on individual extremes [25, 28, 52] , which showed drought areas increased more rapidly after the 1990s [25] , and the number of hot days (or temperature) A significant increase in the spatial extent of compound droughts and hot extremes during summer was observed with the slope ranging from 0.07 to 0.11 per decade in China. After the 1990s, a relatively steep upward trend in the spatial extent was shown, indicating a possible change point in the spatial extent of compound droughts and hot extremes during the 1990s. This is partly consistent with previous studies based on individual extremes [25, 28, 52] , which showed drought areas increased more rapidly after the 1990s [25] , and the number of hot days (or temperature) increased in most regions since the 1990s [28, 52, 53] . In terms of individual extremes, a significantly increased trend in the spatial extent was shown for NHD (at the 0.05 significance level), while non-significant trend in the spatial extent of SPI was observed. The positive trend of NHD is consistent with the result of Ding et al. [28] for the increase in hot days in most of China during recent several decades. Meanwhile, the finding of the non-significant trend of the spatial extent of drought is also consistent with previous studies [54, 55] . These patterns indicate that the increase in the spatial extent of compound droughts and hot extremes may be due to the significant increase in NHD. Generally, similar patterns were shown for different time scales and thresholds of SPI for all the scenarios. The high consistency between SPI3 and SPI6 and the thresholds of −0.8 and −0.5 indicates the robustness of the results.
Regional Variability of the Frequency and Spatial Extent
We further assessed changes in the frequency of compound droughts and hot extremes in the seven regions (CC, EC, NC, NEC, NWC, SC and SWC) of China for the two periods 1953-1982 and 1983-2012 , as shown in Figure 5 . The frequency of compound droughts and hot extremes showed a decrease in Central China while that of Northern China, Southern China, and Southwest China presented an increase for both SPI3 and SPI6 (with both thresholds of −0.5 and −0.8 to define the drought). According to previous studies, droughts have become more frequent in Southwest China [56] , and dry conditions as well as the frequency of heat wave in Northern China increased during the past several decades [25, 43] , which are in general agreement with the increased compound extremes in these regions. For other regions, the change in the frequency of compound droughts and hot extremes may not be consistent (or differ substantially). For example, an increased frequency of compound extremes was shown in Northeast China for SPI3 while a slightly decreased frequency was shown in this region based on SPI6.
In addition, changes in the spatial extent of compound droughts and hot extremes for the seven regions during 1953-2012 were also assessed and shown in Table 1 . Generally, there was an increase in the spatial extent in most regions across China (except for Central China for SPI3 and Northwest China for SPI3 < −0.8). Changes of areas affected by compound droughts and hot extremes in Northern China were significant for the two thresholds based on both SPI3 and SPI6. In addition, a significant trend in the spatial extent was also shown in Southwest China for SPI3. For the other regions, changes of the spatial extent were not significant. Atmosphere 2019, 10, 95 7 of 10 drought). According to previous studies, droughts have become more frequent in Southwest China [56] , and dry conditions as well as the frequency of heat wave in Northern China increased during the past several decades [25, 43] , which are in general agreement with the increased compound extremes in these regions. For other regions, the change in the frequency of compound droughts and hot extremes may not be consistent (or differ substantially). For example, an increased frequency of compound extremes was shown in Northeast China for SPI3 while a slightly decreased frequency was shown in this region based on SPI6. In addition, changes in the spatial extent of compound droughts and hot extremes for the seven regions during 1953-2012 were also assessed and shown in Table 1 . Generally, there was an increase in the spatial extent in most regions across China (except for Central China for SPI3 and Northwest China for SPI3 < -0.8). Changes of areas affected by compound droughts and hot extremes in Northern China were significant for the two thresholds based on both SPI3 and SPI6. In addition, a significant trend in the spatial extent was also shown in Southwest China for SPI3. For the other regions, changes of the spatial extent were not significant. 
Conclusions
We investigated changes in the frequency and spatial extent of compound droughts and hot extremes during summer over the period 1953-2012 in China. The high frequency of the occurrence of compound droughts and hot extremes mostly occurred in the regions stretching from Northeast to Southwest China, which is mainly due to the land surface interaction during the summer season in these regions. An increase in the frequency of compound extremes was found in most regions of China. In addition, areas affected by compound extremes showed an increasing trend at a rate ranging from 0.07 to 0.11 per decade. Noticeably, regional discrepancies were also observed in the variability of the frequency and spatial extent of compound extremes. An increase (decrease) in the frequency and spatial extent was mainly shown in North China, South China, and Southwest China (Central China). In summary, our results showed that there was an obvious increase in the frequency and spatial extent of compound droughts and hot extremes during summer from 1953 to 2012 in large areas across China (except for Central China). Results from this study could provide useful insights for mitigation efforts of extremes under global warming.
In this study, the 3-month SPI may reflect moisture conditions during reproductive and early grainfilling stages for certain crops (related to agricultural impacts) while the 6-month SPI may be associated with anomalous streamflows and reservoir levels (related to hydrological impacts) [57, 58] . The potential limitation of this study is that we only used the SPI as the drought indicator, which is based only on precipitation. However, droughts are likely triggered by multiple factors, such as evapotranspiration or temperature. Therefore, multiple variables should be taken into consideration in the variability assessment of compound droughts and hot extremes. With the global warming, increased heat records have been shown to increase in different regions of China. This study further emphasized the increased risk of compound droughts and hot extremes posed by the global warming, Atmosphere 2019, 10, 95 8 of 10 which may result from a variety of factors, including the climate variability, or the trend in precipitation or temperature. The cause of changes in the compound extremes needs more efforts and will be explored further in the future. Note that variations of the compound extreme were assessed based on the period from 1953 to 2012 and the result may vary with different periods for the analysis. For example, though no significant trend of spatial extent of droughts was found for the period 1953-2012, certain studies have shown significant increase in the spatial extent of droughts (depending on the indicator and severity level) [8, 59] . Due to the even large impacts of compound extremes, more efforts are needed in assessing the physical mechanism of the occurrence and variability of compound droughts and hot extremes, which will be assessed in our future study. Author Contributions: Z.H. and X.W. designed the research presented in this paper and wrote the original draft; Z.H., X.W., F.H., C.L., and X.Z. revised the paper.
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